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SUMMARY  

The design of a high energy neutron source facility to provide several radiation envi-
ronment s will require detailed calculations of the radiation shielding requirements for the protection 
of both personnel and equipment. In this work. the importance of the characterization of the radi-
abort sources and of improved nuclear data are stressed. Also, the most relevant radiation shielding 
issues as well as guidelines for the various calculations that should be performed are discussed. 

INTROD UCTION  

During the FMIT[1,2] project several radiation 
shielding and activation calculations were performed. These cal-
culations and related data are well documented and represent a 
substantial and valuable source of information. 

From the standpoint of shielding analysis the avail-
ability of faster computers. enhanced computer programs. and 
larger nuclear data bases greatly facilitate today's calculations. 
New approaches in accelerator design which involve smaller 
deuteron losses and recent advances in engineering technology 
such as new materials. remote handling, and robotics will also 
simplify the shielding design. However, the calculational guide-
lines given in the FMIT literature are the bases upon which new 
calculations will be designed[3,4]. 

A facility based on the deuteron-lithium stripping 
reaction would provide high fluences of neutrons similar to that 
of a deuteron-tritium fusion environment for the testing of ma-
terials. The source intensity of approximately 4.00E 4- 16 14-
Mev neutrons per second will provide fluxes on the order of 
10 tsn/cni 2 - -1  within several cubic centimeters of the test cell. 
However.the neutron source energy spectra has a tail that ex-
tends up to energies of 50 MeV and has a highly peaked forward 
directional distribution. Moreover, deuteron losses along the ac-
celerator yield complex neutron and 7-ray radiation sources. 

The objective of the high energy neutron source fa-
cility is to enhance the radiation damage to materials by exposing 
them to a much higher radiation fluence than that under which 
such materials would normally be exposed in a comercial fusion 
reactor. For this purpose. the FMIT and INGRID[5] designs re-
quired a deuteron beam of 100 –150 mA with an energy of about 
35 – 40 Mev to yield the necessary neutron source intensity. 

Figure 1 shows a simplified scheme of a neutron 
source facility. In the injector room. deuterons from the ion 
source are accelerated and transported to the linac entrance. In 
the linac system radio frequency amplifiers (RF) are used to ac-
celerate the deuteron beam to the desired energy level. After 
the last acceleration cavity in the linac system is the high-energy 
beam transport system (HEBT) wherein magnets are used to 
bend, direct, and focus the deuteron beam towards the lithium 
target in the test cell. The target consists of a continuous flow of 
liquid lithium which is approximately 2.5-cm thick and 10.0-cm  

wide. After irradiation in the test cell, the samples are tran-
ported to the exam facility. Other areas of the plant include the 
control room, service and storage cells, offices. etc. 

PRELIMINARY STUDIES 

The first step in the realization of a radiation shield-
ing assessment is the definition of the areas of concern — which 
in this case are the test cell, the linac system. the exam facility, 
the service, test support cells, etc. Levels of radiation allowed 
during operation and maintenance periods should be defined for 
each of these areas. It is also important to define radiation dam-
age tolerances and temperature limits for equipment and other 
materials. 

The utilization of advanced remote handling de-
vices will certainly increase the overall plant availability and 
could also increase the radiation tolerance limits for the linac 
system, the test cell, and all areas that otherwise would be more 
heavily shielded or demand larger decay periods for hands-on ac-
cess. Therefore, detailed studies of operation and maintenance 
procedures should be performed for each of the various areas of 
concern. 

Two important and novel aspects of the facility 
relative to radiation shielding are the presence of neutrons with 
energies up to 50 MeV and activation due to (d,yX) reactions. It 
has been shown that deuteron activation can surpass secondary 
neutron activation in certain regions and for that reason measure-
ments of deuteron activation were made for use in the empirical 
calculations for the FMIT facility[6]. Extensive studies[7,6] of 
the nuclear data required for neutron transport, activation, and 
heating calculations, were made for the FMIT and cross sections 
librarieafor energies greater than 20 Mev were created. The ap-
proximations and models used for these cross sections should be 
checked to determine if further improvements are necessary. Lists 
of the most important radioactive nuclides and reactions that 
produced their parent nuclides can be found in the literature[7,5] 
and should be used as guidelines for similar work. This analysis 
will he very useful to select better materials according to their 
activation cross sections for the various radiation environments. 
The Radiation Shielding Information Center (RSIC) at ORNL 
can provide neutron cross section libraries for various materials 
for the energy range required. 
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Figure 1: A Neutron Source Facility Scheme. 
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CALCULATIONAL GUIDELINES 	 5. Determination of shielding thickness for the teat cell walls. 

Calculations[7,8] for the FMIT facility were per-
formed almost exclusively with the MCNP[91 Monte Carlo code. 
However, some activation and heat deposition calculations ben-
efit from the detailed descriptions provided by two-dimensional 
discrete ordinates codes. Also, the recent availability of three-
dimensional discrete ordinates codes like TORT[10] may make 
the utilization of either method as only a matter of choice. Some 
of the more important calculations that should he performed are 
listed below 

1. Determination of shielding thickness and activation in the 
injector room. 

• It was assumed in the INGRID project that 150 mA 
of 350-keV deuterons would be lost during this stage. 
The deuteron concentration will increase rapidly 
within the stopping surfaces and the d+d -- He+n 
reaction will provide a substantial source of 2.45-MeV 
neutrons. Although a large number of deuterons are 
lost, the neutron yield for 350-keV deuterons is still 
very low compared with the yields at deuteron en-
ergies that occur in the final linac cavities. There-
fore, the injector room will require much less effort in 
the radiation protection assessment. Monte Carlo and 
two-dimensional discrete ordinates transport codes can 
be used to determine environmental doses and an ac-
tivation analysis will provide the decoy times for safe 
accss by facility personnel. 

2. Determination of the shielding thickness including deuteron 
and neutron activation for the linar vault. 

• Once deuterons achieve energies greater than the 
Coulomb barrier, which in the case of copper is 8.5 
MeV. reactions of the type (d.nX) occur yielding high 
energy neutrons. High energy deuterons having large 
neutron yields with very high energies and a strong 
forward directional bias are produced. For the pur-
pose of calculation, the last cavities best represent the 
radiation environment in the whole linac system. Be-
cause of the complexity of tlee source and the magni-
tudes of the dimensions involved. Monte Carlo codes 
such as MCNP[9] and MORSE[14] should be used 
to minimize thickness/cost of the concrete shielding. 
Points of concern are the neutron source description 
position. energy, and direction distributions), the 

proper choice of materials that ntiuintize activation 
(i.e. tantalum scrapers[5], boron loaded concrete[5], 
low manganese steel for the linac tank[151. the use of 
gold as plating material[15]), and the contribution of 
the (d.-..X I reactions. 

3 Determination of shielding thickness including deuteron and 
neutron activation in the HEBT area. 

• Points of concern in this area are the eventual need 
for personnel access for manual adjustments of the 
focusing magnets. deuteron and neutron activation. 
and radiation streaming front the test cell. 

4. Activation of air within the linac. 

• The most important reactions are reported by L. L. 
Carter et. al[7]. 

• Obviously the test cell has the most intense radiation 

environment in the facility. Neutrons produced by 40-
MeV deuterons impinging on the lithium target have 
energies up to 50 MeV. One interesting feature of neu-

tron spectrum is that it has a shoulder which begins 

at neutron energies of about 30 MeV. Studies in the 
literature[7] concluded that the influence of these neu-

trons in shielding calculations can not be ignored, in 

particular in the determination of the backwall thick-
ness. Shielding calculations for the FMIT and IN-
GRID test cells yielded concrete backwall thickness of 
several meters (6.0 and 4.4 meters respectively). The 

difficulties associated with such massive structures can 
be mitigated by underground construction which also 
will help to ease the radiation protection assessment. 

6. Heat. deposition within the test cell, bulk shield, and ther-
mal shield (if used). 

• Because of the large amounts of energy deposition, 
there will be a need for cooling the concrete that faces 
the test cell as in the INGRID design or the utiliza-
tion of a thermal shield as in the FMIT design. The 
beam energy which generates about 4 MW of power is 
almost entirely imparted to the lithium stream, which 
is cooled in the recirculating loop. The energy carried 
by the various radiations (neutrons and -y-rays) into 
the test cell will create heat sources in the surround-
ing material. The power associated with the flow of 
4.00E+16 neutrons per second with an average en-
ergy of 14 MeV is 90 kW. Also, the heat generation 
in the first mesh along the beam axis in the concrete 
wall is 20 W/cm 3  — which was estimated by using 
the neutron and -y-ray fluxes obtained from a prelim-
inary two-dimensional DORT[11] radiation transport 
calculation performed on a MFE Cray computer. 

7. Neutron activation and radiation damage within the test 
cell. 

• Which includes test cell walls, test samples. and test 
cell equipment. Key issues here arc the physical in-
tegrity of the walls and equipment for long-term oper-
ations, and the shielding requirements for test-sample 
transportation. 

8. Radiation streaming through penetrations in the test cell. 

• Possible streaming paths towards the HEBT, the ser-
vice and test support cells, and the exam facility should 
be investigated. 

9. Neutron flux maps within the test volume. 

• One important set of data is the neutron generation 
cross sections[12] of the (d,Li) reaction. Detailed cal-
culations of the neutron distribution in the test cell 
should be performed[131 using this set of data. 

10. Test support, service. and service support cells. 

• Calculation of environmental doses. Points of concern 
are penetrations through the test cell and the activa-
tion of equipment. The utilization of remote handling 
for tasks in these areas is of major concern for the 
optimization of the plant operation. 
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11. Shielding and activation calculations for the lithium sys-
tem. 

• The activity present in the lithium flow will require 
studies of the lay-out of equipment (pipes, pumps, 
etc) outside the bulk shielding of the test cell. Be-
cause of its own activity, proximity to the test cell, 
and difficulties in cleaning up residual activity from 
the pipes. the lithium circuit should be designed for 
long operational times. 

12. RE and mechanical equipment areas adjacent to the linac 
vault. 

• Calculation of environmental doses. 

13. The exam facility. 

• In the exam facility. the calculation of environmental 
dose is a function of the test-sample activation and 
radiation streaming through the test sample trans-
port system. The ESNIT[3] proposal suggests a post-
irradiation test facility anal modular hot cells. These 
concepts can help maximize plant availability and in-
fluence of her engineering design issu es such as radioac-
tive waste volumes 

CONCLUSIONS  

It is necessary to achieve more information about 
the performance of materials under fusion-like environments so 
that comercial fusion energy can he available in the near future. 
Unlike other engineering issues. the shielding calculational expe-
rience accumulated so far by the nuclear fission industry can be 
readly applied to fusion related problems. The overall experience 
obtained in the design of accelerators during the past decade will 
make die design of a high energy neutron source possible without 
many of the difficulties experienced during the previous designs. 
The amount of data that was act-tinminted during the operation 
of the FMIT will greatly facilitate the design of a new plant re-
garding plant service lifetime. better defined flux characteristics, 
and particularly in the operation and maintenance of the plant 
- thereby enhancing plant availability and efficiency. 
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